Abstract -This paper presents an investigation of the coupling between probe tips and wafer surface through EM-simulation and compares the simulation results to measurements. It is pointed out that the results are very dependent on the adjacent structures lying under the probe tips. Different solutions are analyzed to master and/or reduce the coupling and ensure reproducibility.
INTRODUCTION
The millimeter wave technology is now widely used in integrated circuit design, antenna development, automotive radar, and many other high frequency applications. SiGe BiCMOS technologies are promised to a key role in these applications which require accurate and reliable device models, with less error margin to ensure high performance and better modeling.
However, these measurements on silicon devices suffer from many causes: parasitic of the transistor access (pad, line, connection to the active, mismatch with the probe), influence of on-wafer adjacent structures (coupling through the substrate). The purpose of this study is to analyze this coupling effect, and to propose solutions in terms of layout and probe coupling.
II. OPEN MEASUREMENT RESULTS
Due to the position of the structure on the wafer, measurement shows that a coupling phenomenon rises up ( Fig.1 ) [1] . Experimentally, the on-wafer measurements for an Open structure at location B (Fig. 2) , shows that, for the frequencies higher than 35GHz, the magnitude of S11 and S22 parameters decreases until it reaches a minimum at 70GHz. After that, the value of S22 exceeds 1, whichns S22 is out of the Smith-chart. The S11 port corresponds to the pads on the left side, the S22 port to the pads on the right. Theoretically, the values of the parameters S11 and S22 should be constant and equal to 1 since this structure under consideration is mostly equal to a capacitance (a ground shield is under the pad). Measurement of two other structures located on the left and right extremity of the matrix test-structure set (site A and C, Fig 1) shows that the measurement results are not symmetric for both structures. For the structure on the left (Fig. 3.a) , the magnitude is lower on S22 with respect to S11 in the 40 to 80 GHz range, where it is lower on S11 for the structure on the right (Fig. 3.b) . This phenomenon is due to the coupling between the probe tips and the underlying structures under that are different for both cases.
III. ELECTROMAGNETIC SIMULATION
To study the coupling on-wafer we made simulation using Ansoft HFSS with a similar structure. The design of these structures needed some simplification in order to reduce the calculation time. So instead of different metallization layers, via and oxide layers, we used only one oxide permittivity constant and the ground shield was represented by one full metal layer ( fig. 4) . In order to extract the effective oxide permittivity, we compared transmission line simulation results with respect to measurements. Three parameters have to be extracted: (i) oxide permittivity, optimized on the phase of S12 to match measurements. We achieved a value of 4.7, which is a good compromise. In fact, the different values of the oxide permittivity layers used on Si range from 3.7 and 8.1 (ii) the oxide thickness between the ground shield and the transmission line to extract the capacitance per length and (iii) the transmission line thickness to get the inductance per length.
The different equations used to extract the parameter of the line are:
Where ߛ is the propagation constant, ‫ܣ‬ the A matrix parameters of the transmission line, ݂ the frequency, ܿ the speed of light, ܼ the characteristic impedance, ‫ܮ‬ is the line length and ߝ the oxide permittivity.
The simulation results fit the measurement quite well, indicating a correct calibration of the EM simulator and validates the simplifications for the test-structure design. III-2 EM simulation of probe tip and test-structure Systematic investigation of coupling through EM simulation was performed. Fig. 6 shows a schematic presentation: the probe tips are represented by three rectangular parallelepipeds. Furthermore, under the left probe tip figures another test-structure while under the right probe tip, only the substrate can be found. Note that these structures are a simple Open structure. To obtain S parameters of the device under test (DUT), we assume that the probes are connected in cascade with the DUT (one probe for each side) ( fig.7) . Therefore, in a first time, only one probe tip is simulated, and in a second time both the probe tip and DUT are simulated. Schematic representation of the whole structure.
The S parameters of the DUT were obtained by an A matrix deembedding. The following matrix equations (6, 7) describes the extraction method. Simulation illustrates that S11 decreases more than S22. This can be explained by the fact that under the left probe tip (S11) lies another test-structure whereas under the right probe tip only the substrate is present. Similar results were observed during measurements (Fig. 2,3) . Furthermore, the magnitude decreases when the angle α decreases. So the distance between the wafer surface and the probe tip decreases, which results in a higher coupling effect.
III-3 E-field investigation:
In order to get the most realistic situation, the probe tips were re-designed (Fig. 9) . Electric field under probe tips.
The electric field under the probe tips highlights the coupling between probe tips and wafer surface: it appears that the coaxial ground of the probe tips serves as a reference plane for the electric field on the wafer surface.
IV. SOLUTION TO MINIMIZE COUPLING
In order to overcome these measurement problems two solutions are investigated. The first one concerns the use of probe tips having larger angle α (already presented Fig.8) . However, the user cannot change this option. The angle is fixed by the probe tip supplier. Choosing from the supplier probe tips having a larger angle may reduce the coupling effect, but other problems may arise like higher contact resistance or less good contact repeatability or an increase of the crosstalk between the two probe tips. In the following, we want to propose some layout solutions:
All the test-structures are connected together (Fig. 12)   Fig.10 . Test-structures connected together and magnitude of S11 and S22.
Simulation shows that the result on port 2 did not change (fig.8) ; however, the magnitude of S11 decreases continuously down to 100GHz and the minimum that arises at about 60GHz ( fig.8 ) is shifted to higher frequencies. By connecting the teststructures together, we get a continuous decrease down to 100GHz.
(ii)
The top metal covers the whole wafer surface (Fig. 11)   Fig.11 . Top metal covers the whole wafer surface and results of the magnitude of S11 and S22 Fig. 11 shows that with a full ground shield on the top of the wafer, we get continuous decrease of S11 and S22 down to 115GHz, and S11 and S22 are very similar, only the amplitude differs. This difference of amplitude is due to the coupling between probe tips and the underlying structure. The simulated structure has a neighbor structure on the left, and just a ground surface on the right.
(iii) Same structure as before (top metal covers the surface), but the neighbor test-structures are shifted: Under both probe tips, only metal is seen. The  Fig. 12 shows the layout and the simulation results. The results for S11 and S22 are quite similar. This test structure configuration has the advantage of making the measurement less sensitive to the neighbor structure. In fact, under both probe tips mainly the top metal is seen. However, due to the top metal layer the coupling is relatively large (S11 decreases down to 0.8). The minimum at 115GHz is strongly dependant on the metal layer width under the probe tip (see Fig. 12 ) and can be shifted to upper or lower frequencies when varying this metal width.
(iv) The last solution we propose is presented on Fig. 13 . A ground shield is realized by the bottom layer (metal 1) and the distance between adjacent teststructures is increased. The fact of increasing the distance between test-structures helps to get similar results for both S11 and S22. However, this requires more Si area and is consequently more expensive. Fig  13 shows also the pad capacitances derived from Sparameter measurements. It can be seen that a small fluctuation as a function of frequency can be observed. We contribute this effect to the coupling between probe-tips and wafer surface. The impact on the device characteristics is highlighted on the lower right part of figure 13 , where the product G u *f is plotted as a function of frequency (G u : Mason gain). Assuming a -20dB roll-off per decade, this product should be constant, but a fluctuation, opposite with respect to the pad capacitances' fluctuation can be observed indicating a strong correlation between both.
V. CONCLUSION AND PERSPECTIVE
The coupling between probe tips and wafer surface has been investigated through EM-HFSS simulation. It helped to understand measured results of the same test-structure located at different sites on the wafer. This coupling is mainly caused on the one hand by the distance of probe tips to the wafer surface and on the other hand by the wafer surface layout itself. Different layouts have been investigated. It has been shown that using metal layers (top metal or bottom metal) helps (i) getting similar results for both S11 and S22 and (ii) making the results reproducible, which means less sensitive to the adjacent test structures. In fact, reproducible results can be corrected using appropriate de-embedding techniques.
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